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A performance estimat%te  of large  scale ion engines intended for use on missions of the
type envisioned by the Space Explorat ion In i t ia t ive (SE])  has been conducted.  C60,
xenon, krypton and argon propellants were compared. Thruster diameters between SO cm
and 100 cm were examined analytically. F.nglne performance parameters, such as thrust,
efficiency, specific mass, thruster  input  power ,  thrust - to-power  rat io  and discharge
current have been calculated with specific impulse the independent variable. Thrust-to-
power  rat ios for  C60 propel lant  were predicted to  be as more than twice the values
obtainable for xenon. Thrust  values up to 4  N are predicted for a ]-m engine at 80 kW
f o r  C6(I a n d  200 kW f o r  x e n o n . Significantly higher power levels are required for the
other inert  gases.  For  a  maximum span-to-gap rat io  of  S00, a  m a x i m u m  a c c e l e r a t i n g
voltage of 6 kV and a maximum net-to-total voltage ratio of 0.9, C60 thrusters are
t h e o r e t i c a l l y) a b l e  t o  o b t a i n  s p e c i f i c  lrnpuise  v a l u e s  u p  t o  3000 see,  whlie x e n o n ,
k r y p t o n  a n d  a r g o n  m a y b e  a b l e  t o  d e l i v e r  7 5 0 0  s e e ,  9500 s e c  ~nd  12,000 s e e )
r e s p e c t i v e l y .
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Missims  of human cxp]oration  to the moon
and Mars have always been of keen interest, Missions
of this kind, until the very rcccnt  past, have bmn
sludicd under the so calicd  “Space Exploration
lnitiativc”  (“SIil”). I.argc projcctcd costs, ilowcvcr,
have raised questions whether dcvclopmcnt  efforts
required for such missions to take place early in the
next century can bc accomplished within the current
budgetary situation of the major industrial nations.
Onc important COSL factor for all space missions, and

1



in particular large-scale SIil-lypc  missions, arc launch
costs  from ]iarlh’s  surface inlo I ,OW ]iarlh Orbit
(1 ,1;0). I’hcsc costs arc largely ctclcrmincd  by tbc
mass 10 be inserted in(o 1,[10.  S[u(tics have shown
that in particular for large sc.alc robotic. and human
Mars missions rcquirihg  the delivery of payloads on
[he order of 100 rnclric  10IM (MT) to Mars, initial
masse.s in 1,1;0 (I MI.I;O) can bc enormous if
conventional, chemical (1 J1/IJOX)  syslcms  arc being
used for the 1.1;0 10 Mars lransfcr]-4,  For a 100 MT
payload, IM1 ,1;0’s of over 400 MI’ can bc cxpcctcd
for an I.}1/l .OX systcm2, increasing to roughly 1 S00
M’]’ if a payload of about 400 MT (delivery only)
were 10 bc transported to our neighbor planet]. 1 ligh
IMl ,1;0’s  also have to bc cxpcc[cd for a chemical
vehicle transporting a significantly lower payload
mass if part of ihc payload is to be returned to F,arlh
orbit; such a scenario would bc typical for a manrmt
mission. IJor a 137 Ml’ Mars-bound payload and a 61
M-I’ Iiarlh-bound payload, Braun  and 111crsch3
dclcrmincd  1 Ml JiO masses bctwccrr 1000 and up to
5000 Ml’ (rlcpcndirrg  On lhc launch date) for a total
round trip time of 1 to 2 years using a Venus swing-
by.

IIccausc  of these high dcparhlrc masses out
of 1 J1O for chemical propulsion systems, other, more
advanced propulsive opLions  bavc bczn considered for
SIH-Lyjw missions. Among the Conccpl$ arc nuclcar-
thcrmal (N1’1’)  and nuclear-electric (NEP) or solar
-clcclric  (SIIP)  propulsion syslcms. In N-l’}’ systems
the propellant, typically hydrogen gas, is heated by
conduction from the reactor core and then cxpandut
thermally in a conventional noz7.lc. Specific irnpulscs
of 825 scc have been obtained in the NERVA
(Nuclear Engine  for Rocket Vehicle Application)
program in the late 60’s and early 70’s1. Although
trip lime reductions using an N’I’P vchiclc  (o Mars
can bc significant compared to chemical vchiclcs
(typically 50% reduction in flight time), IMl ,1{0
mass savings arc, more moderate. Dcpcndirrg  on
payload mass, IMI.EO mass reductions arc only on
h order of 10%2.

NHP syslcms, on the other hand, have
shown IMI,EO mass reductions around 50%1 !3!4
using a combination of nuclear-gcncratcd electric
power and ion thrusters for the propulsion system,
‘t’hc actual value for the IM1 .110 mass reduction
dcpcncis  heavily on such parameters as the specific
mass of the power plant and propulsion sys[cm,
power oulpu(  of the onboard power source as WCII as
restrictions regarding flight time. Currcnlly, ion
engines arc the only clcclric  propulsion syslcms  lhal
have rcachcd a dcgrcc of ma(urity  and performance
high cnougb  for usc on inlcrplanctary missions.
llowcvcr,  Lhc.y  deliver only relatively low thrust

values. I’hc reason for this can bc found in Lhc space
charge limitation of the ion beam, allowing only a
certain maximum ion current to bc extracted for a
given thru.stcr  diameter, grid spacing and accelerator
voltagc5~6.  Since thrust for an ion engine is
proportional to the beam current, lhrust  values will
bc limilcd, I.ow thrust valrrcs will result in long trip
times unless large amounts of onboard power is
available that can bc. coupled into a large nurnbcr of
thrusters. I’hcrcforc, if trip times shorlcr  than Lhosc.
obtainable wilt]  chemical systems arc desired, the
lMI.IiO mass of NIIP sys tems  can  ra i se
dramatically ].

One way to incrcasc  thrusl for a given power
lCVCI or specific impulse is to usc heavy ion
propellants. In the past,  however, problems have
arisen using large rnolc.cular  propellants duc 10
fragmentation of these molcculcs.  Fragmentation was
found to bc duc to ioni?.alien, excitation and thermal
dissociation . Rcccntly,  however, l;cifcr et al.8
sugp,c.stcd a nc.w’ heavy molecular propellant for ion
propulsion ai~p]ications,  a carbon cluslcr  consisting
of 60 carbon atoms - C6Q. The C@ molcculc  is
shown in l;ig. 1 and exhibits ccr[ain interesting
propcrlics  such as high rnolccular mass (720 amu),
low ionization potential ( 7.6 cV) and high stability
agains~  fragmc.ntation.

Izcifcr c1 al . invc.stigatcd  potential
performance bcncfils of C60 ion propulsion systems
over conventional (i.e. xenon) ion lbrustcrs  for
engines in the 5 kW electric power and 30 cm thruster
diamcler  range as applicable for near-earth orbit
transfer missions8.  Rcsul[s  for C60 were obtainc.d
using analytical expressions for thruster cffrcicncy and
ion beam production COSLS8. These expressions were
dc.rived from an ion thruster performance rnodcl
dcvclopcd  by Hrophy9. IL was found thal C60 ion
thrusters arc projcctcd  to outperform xenon ion
thrusters of the same size with rcspcd to thruslcr
cfficicncy8.  In the lower spaific  impulse range of
1000-2000 set, being of particular importance for
orbil transfer missions, lhruslcr cfficicncics  for the
C60 lhrustcr  arc projcclcd  to bc as high as 80%
cornparcd  to cfficicncic.s  of only 50% and lower for
xenon engines. }1 ighcr thrtfstcr  efficiencies will allow
for a mor: cco!~omical usage of tbc provided onboard
power and thus enable power system mass reductions
or shorlcr  trip tirncs.

l’hc higher mass of the propellant was
identified as a major driver for this pc.rformancc
incrcasc of CL(J cnp,incs8. In an ion cn.g,inc, power is
consumed during the. generation of ions, the
clcztroslalic  accclcmtion  of tbc.sc ions and smaller
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amoun[s during beam ncutrali?.aticm.  Apart from
srnal  1 bc.am d ivc,rgcncc  10 SSCS, lhc process of ion
accclcra[ion is very cfficicnt, much more so than the
process of ion generation with its significant ion and
clcclron  wall losses as wcdl as excitation Iosscs.  In an
ion engine. using heavy ions, a much larger portion of
the energy Imr uni[ mass is cxpcndcd  on the.
accc.lc,ration  of the heavier ions than on ion
gcmcralion.  Thcrcforc,  overall thruslcr efficiency can
po[cntially  bc significantly higher for a heavy-parliclc
ion engine,

‘i’his  cxpcc[c,d high thrustcrcfficicncy  and
thrust-to-powc  rratioofaC60  ioncngincmotiva!cd
the investigation of the applicability of C60 ion
thruslcrsfor  SM missions. llighcr thrust values and
thrrslowcr  trip limcsarc  ofparticular  inlportar]cc  for
piloted  Mars missions, reducing the exposure of the
crew to harmful solar radiation. Although optimal

specific irnpul.scrangcs  for SIH-typc missions using
inc.rt gas ion thrusters arc usually quolcd  at value.s
significantly higher than lhosc faVOrCd by ~60 ion
thrustc.rs],  this dots, not necessarily prccludc  the usc
of C6(I  engines for this type of missions. q’hc
optimum specific impulse, although mainly mission
driven, will bc affcctcd  by lhc propellant type and its
efficiency vs. spccifici  mpulscch  aractcristics,  which
may yicldadiffcrcnt  optin~un~  spwificimpulsc when
C~O thrus(crs  were used. It is the purpose of this
s[udy to cslimatc  lhcscpcrformanccc haractcrislics.
Although the. primary application for a C60 ion
Lhrustcrwil]  most Iikclybc found in near-carlhorbil
transfer missions bccausc of its  potcnlial  tligt~
performance in those relatively low spwific  impulse
ranges, the identification of potential pc,rformancc
hcncfi[s that may bc obtained will] C60 thrusters
compared tomorcconvcntional  inert  gas thrusters in
a Wrforll~ancc  rangcapplicablc  to SIll-tylx  [1]issiot~s
could serve as an additional inccn[ivc  for the
dc.vclopmcnt  of lhis engine type.

d Relevance of this Slut&. .

‘i”hc purpo.sc of this study was to take a “firs!
look” at the, idea of using C60 ion thrusters for large
.scalc lunar and intc,rp]anclary missions. As a first step
toward this goal, an atlcmpt was made to c.stimatc the.
pc.rforrnancc  characteristics of Iargc scale C(O ion
cmgincs  using an analytical model. Cornparativc.
calculations were performed for large scale ion
lhruslcrs  using inert gaspropc]lanls, such as xcrmn,
krypton and argon. The.sc performance cst irnatcs  were
focused on a study of large scale ion engine.
tczhnologyonly in ordcrto  satisfy acorrcsponding
ncc,d by mission planners in this regard. It was
beyond the scope of this study  m conduct an

invcstigatiori  of SIil-type mission scenarios.
1 lowcvcr, the data bmc obtained in this study may bc
applied by mission designers for lar-gc scale lunar or
ink,rplanctary  mission planning in a second step,

‘]’his investigation has been part of a Iargcr
research effort to identify ncw and unique clcc[ric
propulsion SySICmS that may Offer performance
benefits over current tcchrrology

10. This study is
strucmrcd into two major parls. ]n the first part, a
rc.view of tbc state-of-the-arl of Cffl ion propulsion
research is prcscntcxt.  Since C~O is still relatively
unknown within [hc propulsion community, a
background on the brief history of C60 and some of
il$ unique properties is given and curlcat  activities in
C6(I ion engine lcsting  arc summarized. The purpose
of such a summary is to draw attention to some
feasibility issues of this c.nginc  concept which can
not bc properly acc.ountc4i  for in lhc. analytical model.
In the sczond par(, an analytical model usc.d to
cstimalc  large scale C60 thrus[c.r  pc.rformanccs  is
prc.scntcd.  This rnodcl is based on an earlier analysis
pcrformc.d  by 1.cifcr  c1 al. 1 ] with only minor changes
addc.d. Pc.rformancc characteristics for Cm thrusters
wc.rc cslirnalcd  using this n’rodcl  and compared with
those, obtained for the inc.rl  gas propellants argon,
krypton and xenon. Pknpbasis  was placed on the
prediction of kcy performance pararnctcrs,  such as
cfficicncy,  powc,r  consumption, thrust, mass and
specific mass, over a wide range of operating
conditions, thLIs offering the mission dc.signer
flexibility in cxplorirrg  a variety of mission profiles.

Given the early, concept-stage dcvclopmcn[
NatLIS of C60 ion cng, inc technology such an
investigation may seem prcmalurc.  However,
propulsion will play a kcy role in reducing ovcrali
spacecraft mass and, thus, costs for SEI-type
m i s s i o n s .  }~urthcrrnorc,  t h e  facl t h a t  COSL
considc,rations  will slrongly impact the dc.cision on
whcthc.r or not to procccd with SfO-type missions or
not, a shrdy on bow ncw propulsion systems, such as
C60 ion cnginc,s,  may benefit those missions ~n~s
warranicd.  Mission planners intending to usc data
obtained in this sludy, however, should rccognizc  that
substantial dcvclopmcnt  cfforls  to arrive at an actually
working C60 ion thrrrs[cx,arc  still rc.quircd.  Rc.suits
ohtainc,d from future C60 engine tc.sting will most
cc.rtainly  forcf. a rc.vision  of this study and Iikcly
charrgc some of lhc obtained results. l’hcrcforc,  this
smdy has to bc viewed as an approximate performance
characlc.rization of this engine. cone.till,

‘i’his  shrdy was conducted in late si)ring  of
1992. Significant changes have occurred in the US
space. i~rogram since thcm.  At the time of this writing,
tbc NASA Office of }ixi~ioration,  that has conduc.tcd
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and ovcrscm S1~I mission studic.s,  has bccrr shut
down and rcmainirrg  SIiI rclalcd ac[ivitics  will bc
pcrfonncd within [hc newly crcatcd  Office of Space.
Scicncc, de-emphasizing [hc Space I;xploration
]nitia[ivc]  2)1 ~. As a conscqucncc of scaled-back plans
for missions of human exploration, rcsc,arch  and
dcvclopmcnt  on the S1’- 100 space rruclcar rcac.tor
program has bccrr halted] 4, endangering nuclcar-
clc~lric  mission proposals. lIowcvcr,  it is cxpcclcd
thal studies of human missions 10 the Moon and
Mars will continue on a smaller scale and it is hoped
that data obtained in this investigation may serve as a
source of rcfcrcnc.c  for future study cfforl$  in this area.

‘r 01

I)rrc 10 rcccnt, rapid dcvclopmcnts  in the
fic.ld of carbon cluk(cr physics, it scc.ms useful to
briefly review some of the characteristics and
])ropcrlics  of (his unique molcculc.  C60 was firsl
discovered by Rohlfing  ct al, ]5 in 1984 as part of an
cnlirc “family” of pure carbon clusters, ranging in
siz,c from individual carbon atoms to clus[crs
containing up to 190 atoms. These clusters were.
gcncralcd  by evaporating a solid graphite rod with a
laser in a helium flow to cool the clusters after
formation and, aflcrwards, expanding the rcsulling
molecular beam lhrough  a supersonic nozizlcl  5.
Intcrcs[ingly, this early research on carbon cluslcrs
was stimulated by astrophysical research and the
problcm  of idcntifyirrg  certain absorption bands in [hc
optical spectra of rcd giant stars and conmt  tails tha(
had defied explanation for over 70 years] 5-18. Carbon
cluslc.r  nuclc.ation  c.xpcrimcnts  wc.rc a i m e d  a t
simulating the conditions under which lhcsc clusters
might form in space] 7. Although in the cnd it was
found that spectra obtained under laboratory
conditions did not sccxn LO match lhosc  astronomical
data 16! ] 8, a flurry of research in carbon cluster
physics was ini[ia[cd by 1}1OSC car]y Cxpcrinlc.nL$.

initial research was focused on a basic
understanding of the obtained clustcrirrg  rcsulls.
Rohlfing ct al. ] 5 and soon thcrcaftcr  Smalley and
Kroto ct al. ] 9 and Smalley ct al.20 noticed several
peculiar characteristics in the mass sprxtra  obtainc.d
for [hcsc carbon clusters. It was noted tha[ mass
spcc[ra scz,rncd to bc divided into two diffcrcn(
portions, with the C32 cluslcr  marking lhc dividing
line.. lJor  Iargcr clusters, only cluster siz.cs wilh an
C.vcn number of  carbon atoms could bc

obscr-vcd  15 J ] 912’0,  wl]ilc for cluslcrs with lCSS  than
32? atoms cvcm and odd clus[c.rs  were found, wilh
inlcmsily  maxima oblaincd for cluslcrs  Cn with n=
11,15,19,23 and 27 and minima for n= 13, 17,25 and
2915.  ]/or clus[c.rs  Iargcr  than n=32, a slrong peak
was found for C60] 5$ ] 7-20 wilh up to more than
50% of Lhc larger clusmr mass accounted for by this
clas[cr  alone,  depending on cxpcrirncn[al
conditions]9.  Olhcr dominanl  peaks, allhough
smaller than lhc onc obtained for C60 were notc(i for
C70 as wctl as C~O] 5, ] 7-20. ‘1’hcsc.  findings sccmcd
to indicate a particular stability of these clusters
compared to others, Cluslcrs  with sizes around lhc
CSZ, cluslcr were markedly absc.nt in the mass
s]~~~a15, 17”20.

Photofragmcntation  studies by Smallc.y  ct
al.20,?l and Weiss c1 al.22 were aimed at furlhcr
invcstigatirrg  the various dcgrc.cs of stability found for
the diffcrc.nt  carbon clusters. It was found upon last.r
irradiation that carbon clusters smaller than the C32
cluslcr  fragmcm[  by loss of CS, which is known to bc
a very slablc fragnlcnt21. Clusters larger than C32,
however, fragmented by loosing C2, which was
surprising since lhis fragment is known to bc Icss
slablc  than C~2  ], }Iowcvcr,  loss of C2 fragmcnls  by
an even cluster will allow for formation of only even
daughter fragments, a fact that appears 10 play a kcy
role in cluster formation and cluster stability for [hc
larger type cluslcrs.  IJuring all ])llotofragI~]clltatioll
studies of very large clusters it was noted furthermore
lhal  C60 and C70 as WCJI  as C50 daughmr  fragmcmts
were favored and that further fragmentation of these
clusters and their ions was cxlrcmcly  difficult at the
laser fluxes cmp]oycd throughout lhc cxpcrinlcnts20-

23. ‘Ibis fac[ SCCn]S  to underline again the
extraordinary stability of these clusters, with C60
found to bc the most stable of all. ‘1’hc.  C32 cluster
itself was found not to obey either onc of the two
fragmentation rules mentioned above and completely
shattcmt upon irradiation into fragnlcnL$  in the 10-19
atom rangc2], explaining the abscncr, of cluslcr-s  in
this portion of the mass spc.arum.

Observations Iikw[hcsc  have lcd !Jnallcy  ct
al, ] 9 10 srrgg$st  the possible slruclurc  for the C60
cluslcr  dcpictcd  in I:ig,  1. The molcculc  basically
takes on the. shalw of a soccer ball with carbon atoms
placed on c.ach vertex of the scams of the ball.
Bccausc of lhc similarity of this struc(urc  to the onc
of the geodesic domes of the architect Duckrninstcr
IJullcr,  Smalley ct al, ] 9 subscqucndy name.d lhc C60
molcarlc  “buckn~irl.r(crfullcrenc”.  ‘l’he. carbon aloms
arc arranged in forms of hexagons and pentagons
throughout the mole.culc as shown in J:ig, 1,
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conncc[cd  by single and double bonds, rcspczlivcly,
will)  no two pcnlagons  adjaccn[  to each othcr24. 3his
arrangcmcml  places lhc carbon atoms onto a
icosahcdron with respect to each other. ‘1’hc  diameter
of the C(O mohxw]c has bcm dctcrmincd  to 7. I A] 6-
] 8. In(crcslingly,  it can bc shown thcorclically  thal
cxaclly 12 pcnlagons arc rcquirut  for an otherwise
graphi(ic  (i.e. hexagonal) sheet to curve into a closed

24shell such as C6@ indcpcnctcnt  of its actuai  si~.c .
1.a(cr on20 it was suggcslcd that all large clus[crs
have a similar shcl] structure, wilh C70 appearing
slightly ob]atc and higher order c]ustcrs developing
“cusps” in their slructurc  at lhc locations of the.
twelve pentagons. Strains in the molecular slruclurc
cxpcctcd to focus in these regions 17 could make these
chrslcrs  more susceptible to fragmentation than C@,
where. sirains  arc ctislributcd  evenly throughout the
molcculc. l’hc entire “family” of large, closed shctl
carbon clusters was subscqucnlly  named “fuLmm.r”
aflcr the t)llckr]lirlstcrfu  llcrcnc C@ s[ructurc  which
ttwy rcscmblc.  Srnallcr  clusters, on the other hand,
were visual  i?.cd  as predominantly onc and two-
din~cnsiona1 20*21 with many “dangling”, free bonds.
‘1’his  fcalurc would explain the observed high
reactivity of small carbon cluslcrs  vcrsu’s  lhc chemical
inertness of Iargc carbon cluslcrs,  even when lhc latter
were exposed to such gases as 02, Nll 3, NO, CO,
and S02]7’2]. Air oxidalion  of C@ was only noted
above 4000C25.  Also explained by this model would
bc the facl that only even numbered large cluslcrs
cxisl,  Al[hough odd cluslcr  shells arc allowed to
form, they would have several free carbon bonds
which enable these cluslcrs  to rcac.t to form more
stab]c  cl ustcrs20.

Although Smalley’s model was ahlc to
explain several of the characteristics of carbon clusters
mentioned above, skepticism initially prevailed on
how such complicated molccmlar  struchrrcs  could- - - -
form in condc.nsing carbon vapor]”1 ~z 1.11 has bwn
suggcstc,d  that large carbon cluslcrs  arc formed
initially by individual carbon atoms or very small
clus{crs prcscnl  in the vapor, rather ltian “graphitic
sheds” broken of the solid graphite sample during
vapor ir,a[ion  ] 7. ‘l”hc lat[cr  conclusion seems to bc
confirmed by the facl that  fullcrcncs  cannel only bc
produced by vapori~.ing  graphite, but also from the
condensing carbon vapor of diamond] 7 and coa126.
Small cluslc.rs with their large amount of free bonds
arc able to rcacl and form sub.scquc.ntl  y larger clusters.
1 f pentagonal shaped slructurc.s arc integrated in lo a
graphitic,  hexagonal shaped carbon bond, the.
graphilic  shccl curls. If cxaclly  12 pcn(agons  arc
present  in lhc right  loca[ions  in an olhcrwisc
hexagonal struclurc, the sheet may close up on itself

and a fullcrcnc.  is crea[c.d ] 7$21’24. I Iowcvcr,  duc to
impcrfcclions  in the carbon slructurc,  most cluslcrs
will not CIOSC  upon thcmsclvcs  bul form nau[ilus-like
SIICIIS, i.e. lhc Ic.ading edge of the forming clus[cr
shell “ovcmhcmts”  the trailing edge and the shell will
bc unable to CI0.SC17’21  ~24. Such naulilus shells will
have many frc.c bonds which will allow thcm to rcacl
and form more stable cluslc.rs. The rclalivcly  incr[
clo.scd  shc,lls withoul  any free bonds, however, arc lcfl
behind in this nucleation process and arc consequently
dctccmd in the carbon vapor. It should bc nolcd,
however, that the carbon vapor nucleation process is
not fully understood yc[ anti tha[ lhc scenario given
above might have to bc rcviscd27.

Probably lhc ncxl  important s[cp in carbon
cluster physics after the discovery of fullcrcncs  and
the idcntifica[ion  of their structure, was a modified
method of fullcrcnc production demonstrated by
KrHtschnwr  ct al. ] 8. This method allowed for the
production of macroscopic quantities of CCO and other
carbon closlcrs, rather than the microscopic quantities
producc,d by the laser vaporization cxpcrimcnts
discussed earlier. in KrMtscl@cr’s  method] 8, carbon
vapor is produced by rcsis[ivc  hc.a[ing  of (WO graphite
clczmdcs  touching each other. Currcnis  fcd in[o the
graphilc  clcchodcs  arc on d~c order of 100 amps and
both AC and IX currents have been uscd]6, Since
the graphite rods arc being consumed in the
vaporization process, they have to bc continuously
fcd in[o the reaction chamber, ‘1’hc graphilc
vaporization process is performed in a pure helium
environment al roughly 200 ~’orr (266,64 kl’a)
pressure. Yic.lds of C60 for this method have bczn
found to vary greatly wilh hc]ium pressure] 6. Some
rcscarchcrs  bclicvc  that }lclium  aids in the cluster
nucleation process by keeping the forming carbon
clusters C1OSC to the heated graphite clcctrodcs,  thus
allowing thcm to form larger cluslcrs28.  l’hc carbon
vapor finally condcnscs as soot on collecting surfaces.
‘1’hc soot is scraped of Lhcsc surfaces and dispersed in
cilhcr bcnzcnc  or tolucnc.  Cm,  C70 as WC]] as traces
of larger fullc,mncs go into solulion  and arc thus
separated from the remainder of tt Ic soot. Fivaporat i ng
the. bcnzcnc or tolucnc  leaves a crystalline powder
consisting of C(O, C70 and,traccs  of larger fullcrcncs.
Kriitschmcr  cl al. ] 8 called lhis solid “fullcritc”.  C6(I
is clearly domlnanl  in fullcritc  and depending on the
manufacturing prciccdurc  can bc found in ralios  of
C60/C70 of up 10510117. ‘1’hc ability 10 produce
macroscopic quanti[ics of C6(I is obviously of
importance for its potential application as an ckclric
rocket propellant as well and will bc discussed in
grea[cr detail further below.
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“1’hc fullcrilc  was shown to consist of
crystals, shaped in forms of rods, platclcm and slar-
Iikc flakes* 8. l:urdmr  investigation *6$17 indicamd
that lhc C[fl clu.s[cr  retains ils  shape even in tbc
solid  ~~hasc  and that the crystals consists of an array
of C(fl cl ustcrs,  scparamt  by about 3 A (1 (3A ccntcx-
lo-ccntcr)  and borrdcd  by relatively strong van-dcr-
Waals  forces, At room [cmpcralurc,  the carbon
cluslcrs  rotate in their positions within the lat[icc]  7.

So]id ~fjf)  bZrS a  dcmsity]  6  o f  1.7 g/cn13 and
sublimate.s directly into the gas phase at tcmpcrahrrcs
bctwccrl 300-4000C  1 6 - ] 8.  S o l i d  C60 is  a
scrniconductor,  i.e. non-conducting trnlcss  it is dojw.d.
l~orcign atoms placed bcxwccn  the Cm rnolcculcs  in
the latiicc  can make the nc,w c o m p o u n d
stllx.rc.oIldtlciivcl  6~28-30.  l’ab]c, 1 surnrnarizcs  some
of lhc C@ propcrlics  discussed in this section.

llccrIusc  of the abilily to p r o d u c e
macroscopic quantities of prcdotninanlly  C~O and
C70 carbon cluslcrs  anft since i[ bccarnc  quite obvious
during earlier cxpcrimc.n[s  that these clrrs[crs  were
surprisingly s[ab]c, a significant amount of rcsc.arch
was subscqucnt]y  focused on lhcsc  two ful[c.rcncs.
Young ct al.3 ] con(iuetcd  a collisional  study of C~O
and C70 ions with oxygen and }Iclium  as collision
gases. Once again a prcfcrcncc  for the forlnation  of
C60 and 10a snmllcr  cx[cnd C50 daughter fragrncn[s
was noted upon fragmcntatiorl  of C70, underlining

‘J’able. 1: Some I’roper-iics of Solid Cm

Ionization J’o[cntial 7.61 C~ I
1

Molcculc  I)iamc.tcr 7.1 A I
Nearest-ncighba
distance in Solid C60 IO.(M A
Cryslal
Conductivity Scrniconductor

Sublimation
~’c~upcraturc 300-400 Oc
lhc s[abili(y  of lhc.sc cluslcrs.  Ikagnlc.ntalion  of all
cluslcrs  occurs by loss of even cluslcr  fragrncnls,
allhough Young cl al.3]  argued based on collision
cnc.rgy considcra[ions  lhat fra.gmc.nts larger than C2
mighl  have bcc.n lost upon impacl,

Although ~)tlotofragn~c]~tation  and atomic
collision studic.s  provided much insigh[  into [hc

Structure of  carbon c,lustc.rs,  I}IC, dorllirl:~n{
fragn~cntation  process in ion engines will likely bc
duc to impac.1 of Q clus[crs  on discharge chamber
walls and c.lcctron impact. Studies of C60-wall
collisions have bc~n conduc[cd  by IICCk c.t al.sz,

Whcttcn  and Ycrctzian3],  llusmann  ct al.~4~~5 and
I ill c.r rrl.36,  Theoretical studies of C60 surface
impacts were JErfornlcd  by Mowrcy c1 al.37.  Rcsu]ts
of lhc.sc. cxJwrinlcnts reported by Ucck ct al,32
indicate that when C6f) ions impacted on graphite
surfaces no fragmcrrtation was noted cvcll  at impact
c.ncrgics as high as 200 cV. Experiments condrrclcd
wilt) bcnzc.nc and naphthalcnc  for comparison using
the same cxpc.rimcntal  apJ~aratus  resulted in
significant fragmentation even at cncrgics  as Jow as
9(J cV32. Busmann  ct al.34~35 noted fmgmcntation  of
C60+ ions only above 130 cV. An altcmpt  to cxJdairl
the extraordinary stabilily  of C60 against
fragmcrltation  upon surface impact was nladc through
numerical simulations by Mowrcy ct al,37. At
impacl  cncrgics  up 10 1 S0 CV Mowrcy ct al. noted
that the spherical C60 mo]ccu~c  c.omplctc.ly  deforms
during impact, taking  on an cxtrcmcly  oblatc shaJ)c,
however, rcbouncc.s  back into its original spherical
shaJ~c after leaving the surface. This observed
behavior was termed resilience by Ilczk  ct al.32.
Mowrcy ct al. further cslirna[cd that at 150 CV in} Jxrct
cncrgics  roughly 20% of the impact energy is
transfcrrwi  into recoil energy, 25-307. inio heating of
the clus[cr  and the. rc.rnaining energy is dissiJ~atc.d  by
surface hc.atirrg.  At higher in~J~act  cncrgics  (200 cV),
Mowrcy  ct al, calculated that nonreactive scattering. . . . .still accounts for 86% of the surlacc  lntcractions,
with the remainder being sticking and -}1 and -CH
pickup. At 250 CV impact cncrgics,  fragmcmtation  is
observed, only one. third of the events arc elastic
sc.attcring  events and another third of the events is
acc.ountcd for by sticking to the surfacc37.

Rcsilicnc.c  of the C60 cJustcr may J)rovc to
bc a major advantage of this n~olcculc  over other
heavy ion engine proJwllants  propo.ti in tbc past7$.
It should bc carefully pointed out, however, that no
definite conclusions regarding tHc stability of C[~ in
an actual ion engine can bc drawn from lhcsc early
Wal i collision cxJm.rfincIlfs  yet, I;irst,  C60 mole.cu]cs
will nlost likely cxJKric.ncc ntrrItiJdc  wall collisions
before bc.ing cxtraclcd  OUI of the ion engine, as
oJymscd  to being subjcc[cd  10 siaglc collision events
as in those c.xpcrimcnts  discussed in the prc.vious
paragraphf2-37. Secondly, all prc.vious  collisior)
c.xpcriruc,n[s were JKrforllJcd  with Cco ions~2-  37,
Jmsitivc  and negative, only and no invcstiga[ions  of
neutral C6f-wall  collisions have bcxm J)crformc.d yet.
Third, in Deck’s cl al.32 c.xpcrirncn[,  llIC C~ O
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nmlcculcs  arc cooled in a helium flow aflc.r  dcsorjlion
from a Cfj film coahxt steel or tantalum surfaces. No
such cooling mechanism would bc available in an ion
engine, where QO is being produced by sublimation
from its solid, crystalline form. Whcttcn and
Ycrc17.ian33,  tmwcvcr, nokxt that >109’0 fragmcntaliorr
of dclcclcd  scatterers was obsc.rvcd for jet-cocdcd
beams at 310 cV impacl  energy, while for ovc.n-
gcncramd,  urrcoolcd molcctrlar beams this thrc.shold
was lowered 10 only 260 cV. I:inally,  Ik..k c.[ al.32
poin(cd oot in their invcsligalion  that only those
collision fragmcn(s  could bc dctcclcd  with the.ir
cxpcrimcmlat  apparatus that were gcncratcd within 2
ps ul)on  impact, thus allowing lhc possibility for
mctastab]c fragmentation after this tirnc period.
IXrring their numerical simulations, Mowrcy ct al.37
also no[c.d that Calculations were only performed over
a time pcxiod up to 930 fs, Icaving  open the
possibility for mclaslab]c fragmcnla(ion  in their
simulations as WCII.  ‘1’hcsc  findings underline the
importance of actual  CCj ion engine tcs[in~  in order
10 fully evaluate lhc fcasihility and performance
polcnlial of this thruslcr concept. Initial rc.sulls
obtainc.d during small scale C60 engine. tests will bc
discussed in [hc next section.

Currc.n(ly,  C60 ion engine tc.sls arc hc.ing
performed in the lJnilcd  Stales at lhc Jet Propulsion
1,aboratory (JP1.) and Duscck  C o . , ~A38,39.
Aciivitics in C60 ion engine research have been
initiated in Japan40 and there arc rcporls  of C60
thruster tests  being conducted in Russia27. However,
no details of the work bcirrg pcrforlncd  in Japan and
Russia arc known yet and this review will thcrcforc
focus on lJS research only. Andcrson4 ] ,42 rcccndy
initia[cd  cxpcrimcrrls  wilh small-scale stainless s[cc.t
and grapbilc  sources. Anderson’s cxpcrimcnls  arc
dcscribcd in detail in Ref. 42. Dricfty,  11 mA beam
currc.nl could bc gcncratcd  with lhc s[ainlcss  steel
sourc.c at 50 V discharge voltage and 0.12 A di.schargc.
current. Oscillations in [hc discharge volLagc were
observed in intc.rvalls  of several minutc,s,  possibly
duc to SOOL formation on discharge chambc.r  wall
surfaccs4  ]. Tcmpcraturcs of up 10 1000  ‘C were,
nc~cssary to provide sufficient frrllcrcnc  flow rates
into the discharge chamber, possibty  causing the.
fragmc,ntaion  of fullcrcncs  observed. Since it was
spcculalcd  ihat the stainless s[ccl usc.d in dm crrginc
dc.sign also mighl have had a catalytic effect 011
fullcrcnc  fragmcntation4  ] , lcsts widl a graphite
source were conduclcd.  Discharge voltages could bc
lowcrc.d to 35 V bul showc,d a similar transit.nt
behavior as for lhc stain]c.ss  sled source. Ihc to an

improvwt  arrangcmcn[  of the discharge cllambcr with
respect to the effusive. CC.11,  serving to sublimate the
solid fullcrcncs, only (DO ‘C were required 10 provide
sufficient flow rates. IFigrrrc  2 shows lllc graJ>hitc
source. “1’hc graphi[c  components [hcmsclvcs  arc not
visitdc  since they arc surrounded by a stainless steel
hca[ shilcd.  Rccognizab]c  arc three solcmoids
providing the magnetic field for the engine.

At Buscck  Co., a CC~ source manufacturcci
crrlircly from quarul was tcs(c.d38*39. lntcrcslingly,
not only the discharge chamber was made out of
quartx bul also the C60 va@rizcr  and, in an earlier
version of the cxpcrimcnt  , lhc grids, which were gold
plated to make [hcm conductive and later rcplaccd by
molybdenum and stainless sled grids. I“hc source, had
a diarnclcr  of 3.5” and di.schargc  chamber length of 4“
and functioned according to the electron bombardment
principle, using a cadmdc ((unp,slcm filament) and an
annular stainlc,ss SICCI  anode. LJsing  a mix of C@ and
C70 a[ a ratio of 80% to 20%, a beam current of 20
n)A was drawn from the source al beam ion costs  of
915 cV. This value is high even for a small,
unoptimizcd ion engine ad is rc.latcd to the. high
discharge voltages rcquirccl to sustain the frrllcrcmc
discharge. Discharge voltages around 200 V were
required at tirnc,s  10 operate. a discharge.. This facl was
attributed to cadmdc poisoning. After operating the
tungstc.n filament cadmdc in a frrllcrcnc  discharge, the
filamcnl  was coated with layers of a graphite soot.
I’his  incrcascd the discharge vollagc over its 10WCSL

measured value of 40 V when the cathcxk was clean at
lhc beginning of Ihc test. No fragmentation of C60
was noted daring opcratiorr  of d~c engine, cxccp( in
areas uc.ar the. cathode. This conclusion was drawn
from deposits found coating various engine parls  as
WCII as a cooled collector plate mounted downstream
of the engine grids. It is fur[hcr  interesting to note
tha( during these cxpcrimc.nts no cvidcncc was foun(i
that C~O fragmentation is bcirrg cataly~.cd by such
materials as stainless stcc.1,  molybdenum, boron
nitride, alumina or quar[z.

As can bc scar from these. c.arly thruster
tests, C60 ion Cnginc  tcchrro]ogy  is Sli]]  in its
infancy. None. of the thrustc.r  designs used so far have
bwn optimimt  for pcrforrpancc and arc usually small
scale models uscxl  for proof-of-concept typo studies,
While performance optimiz.atimr  is ccrlainly  a future
goal, several feasibility issues still remain 10 bc
resolved before then. As bccamc  clear during lhcsc
early cxpcrimcnts  and was pointed oat by 1,cifc.r ct.
al.8, issues regarding fragmc.ntation  of C60 undc.r
operating condiliorrs  tyJ)ic.al for an ion engine,
condcmation  of C60 at discharge chamber’ surfaces
and Sputlcring of clgirlc  componc.nls  by C60 ions
rcrnain  [o bc invc.stiga[ct!  i n  g rea te r  de ta i l .
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Con(tcnsation  of C60 could pose a problcm if
convcn[ional  clcclron bombardmcn[ (Kaufmann) type
thrusters arc being used. Since C60 is a
.scmiconctuctor’,  condcmscs on clczlrodc surfaces could
imJJair  thruster opcralion  in addition to potential
clogging prcrblcms  of lhc profrdlant feed systcm8.  in
[his case, the usage of a radio frequency ion thrus[cr
and using heated propellant Iincs  have been
suggc.stcrd8.

]Juring thc initial tCSting  Of C60 CnginC
conccp[s  as dc.scribed above, the propellant feed
systcm  simply consisted of a effusive CCII,  in which
the cnlirc  propellant reservoir was hcatc.d,  causing
solid C6(I  to sublimalc  and enter the, discharge
cbambcr by means of diffusion. While such a
relatively simple feed systcm  is appropriate for early
proof.of-concept tc.sts a[[crnpting to dc.nmnstratc  the
feasibility of a C@ ion engine, it is insufficient to
demonstrate the feasibility of an entire C60 ion
propulsion subsystcm  and definitely not appropriate
for actual space missions. }Jc.sting the entire
lwopcllanl  reservoir is wasteful in terms of power
cxpcndcd,  lowering the ovc.rail efficiency of the
Syslcrn.

Onc possible solution to this problcm  is to
transport solid Cm out of the propellant tank 10 the.
engine by pumping a Cm slurry (W l~igurc 3) out of
the propdlanl  tank into the effusive cc]]. C60 slurry
would bc pumped through a filter, comparable to
propellant filters in usc today for chemical propulsion
systems. C60 would remain in the filter which al the
same time .scrvcs  as an effusive cc.]], providing the
engine. with C60 vapor. By adjusting the heating
profile. proj)crly, C60 vapor will leave the CCI1
through (1IC orifice connecting it with the discharge
chamber. As Cm is being used up, ncw fullcrcncs  arc
being transported through the slurry to the CCII. Ihc
liquid transporting the fullcrcncs  could cilhcr bc
rcc yclc.d or dumped overboard 10 rcducc spaccxraft
mass.

A second concept would involved
compressed fullcrcncs  that arc pushed though a barrel
dirccdy  into an effusive CCII (Iiigurc  4). q’his feed
mcz.hanism  would bc spring loaded for simplicity and
C60 is being moved down the barrel as it vaporixcs
out of the. CC1l. Since the C60 is held in place by the
barrel, it dots not necessarily need to form a stab]c
rod, ]n both cases it is crucial to Lhc succcss  of the
dc.signs to ensure that C(O being vaporized Icavcs the.
diffusive CCII only through the orifice connecting i[
wi[h the discharge chamber and no Ic,akagc occurs

clscwhcrc.  Experimental tc.sting is obviously
ncccssary  to dctcrminc the. feasibility of these
conccils.

In order to serve as an electric rocket
propdlant,  sufficient quantities of fullcrcrms, produced
at low cost, would have to bc available. Since C60 is
the most stable and the most abundant of all
fullcrcncs, i[ is the fullcrcnc of choice for potential
propulsion applications. As was pcrintcd out earlier,
initial mclhods of C60 production were limited to
laser vaporization of graphite targets, able. to produce
only microscopic quantities of C6(I vapor.
KrWschmcr’s  cxJ~.rimcnt ] 8 allowed the production of
macroscopic quantities of solid fullcrcncs using
resistive heating of graphim rods. Quantities of
fullcrcncs  prochrccd, however, still rcmairrcd  limited to
rough] y 100 mg pcr day. The yield was subsequently
incrcascd  by otbc.r  rcscarchcrs,  using modifications to
Krtitschmcr’s  cxpcrimcnl  18~4~~44.  }Iaufflcr  CL al.43
was able to incrca.sc  the Q@ quantities to several
grams pcr day by using an arc discharge bctwccn
graphite clccmdcs  rather than using resistive heating.
‘1’hc yield of fullcrcncs  in the soot collcctcd  amounted
to 10 ~ 2%.

‘Ilcsc yields were incrcascd by Parker ct
al.44 to 4d%. Modification in thiS CXpCrifIICnt  Were
rcla[cd to optimizing the arc discharge. A IJC power
supply was used and the gap bctwccn  the clcctrodc
optimized to about 4 mm for maximum yield.
Typical operating conditions for the arc were 18 V at
60 A ( roughly 1 kW power consumption). Two
different clcctrodcs  were used, onc 1/4” (6.35 mm) in
diameter while Lhc .sccond  clcctrodc  was 1/2” (12.7
mm) in diarnclcr.  Only the 1/4” clcctrodc was
consumed in the process at a rate of 0.2 irl/min
(5mm/min). In addition to optimizing the arc
discharge, a static IIc atmosphere at 200 Torr (266.64
kPa) was used rather than a flowing systcm,  which
could pump away fullcrc.ncs  that had not condcnscd
yet. Other modifications [o incrcasc  the yield of
fullcrcncs  inc]udcd  the placcmcnt  of shims inside lhc
reaction chamhcr  to incrcm tbc surface arc.a available
for condensation and proper sc.lcction  of solvents to
.sc.pamtc  fuIlcr&lcs  and soot.

I)cspitc rcccnt  advances made in the
dcvclopmcnl  of high yic.ld  fullcrcnc production, the
dclivcrcd  quantities arc still cornplctcly  insufficient
for propulsion applications, particularly large scale
Slil-tyl)c  missions. Krfitschmcr’s  rncthod a n d
variations thereof] 8S43~44 still involve a high
fraction of manual labor when scraping the soot from
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condcnscr suriaca. lhis process would thcrcfor-c have
10 be mcchanizrxl  and scaled up to yield larger
quan[i[ics  of fullcrcncs  as required by propulsion
applications.

Chmrtly,  soot containing 12% fullcrcncs
by wcigh[  is available for roughly $30 pcr gran~4  ].
Producing larger quantities of frrllcrcncs  should Iowcr
COSL% An additional opportunity to lower COSL$  would
bc 10 vr!rporizc coal in an arc discharge rather than
graphite since coal is significantly chcapcr  than
graphitc 26.Yields from Lhc vaporization of coal
ranged up to 8.6% of ful]crcncs  by mass in the sooi
COlhxlcd versus 9.3% from graphite under idcrrlical
conditions26,  A complctc]y different w’ay of
producing fullcrcncs was discovered rcccndy by
}Ioward  c1 al.45 who identified frrllcrcncs  in the soot
produced by hydrocarbon ftamcs.  Yields were as high
as 9% of fullcrcocs pcr soot mass depending on
ojwrating  conditions and 0.3% pcr fuel carbon mass.
‘1’his  process appears to bc easily scalable 10 produce
larger quantitic.s  of fullqrcnc-s.

A major  driver in the production of large
scale quamitics  of fullcrcncs  will also bc the potential
for application of C@ and related fullcrcncs in areas
other than propulsion, such as the rcccnt discoveries
of srrpcrconductivity  in doped C@ films] 6>28-30.
NCW tcthnologics  l ike these may sigr~ificant]y
incrcasc Lhc demand for fullcrcncs and conlrihutc  to
inc.rcascd  fullcrcnc  production capabilities. If,
however, these production capabilities remain
insufficient for the needs of propulsion applications,
and in particular large scale SE1-type missions,
providing additional production capabilities might
significantly contribute to the dcvclopmcnt  COSL  of
large scale Cm ion engine technology.

summrt~

q“his survey of current activities in C60 ion
engine testing and the review of several other
feasibility issues involved in the dcvclopmcrrt of
fullcrcnc thrusters shows that C@ ion engines cbxirly
have 10 bc classified as “advanced propulsion
syslcms”,  i.e. they arc not readily available and, in
ccriain areas at least, still  require substantial
dcvclopmcnt efforts. When analyzing the performance
Polc,ntial of large scale C60 ion engine technology,
and when applying rcsulls  obtained from this study to
S1:I-type mission scenarios, the early dcvclopmcnt
stalus  of this tcdmology should bc recognized. Il]c
analytical model to bc dcscribcd  in the ncx( chapter
will thcrcforc only rc.present an cstimalc  of the
performance characteristics of large scale C60 ion

technology, based on the preliminary cxpcrimcntal
data obtainab]c  mday.

T’hc analytical model prcscntcd in this
chapter estimates thrrrstcr  pcrformanc.cs,  such as
thrust, mass, input power, efficiency and specific
mass with specific impulse being the indcpcndcn[
variable. I’hc objcctivc of this analysis is to
dclcrminc  these engine paramc(crs for cases in w}lich
thrust has been maximized for a given engine,
Calculations arc pcrfonncd for C@ propellant as WC1l
as Lhc inert gases argon, krypton and xenon, ‘1’his
mode] was ba.scd on an earlier analysis made by I,cifcr
ct al. 1 ] which in turn relied in parl on Brophy  ’s
nmdc19. ‘I”hc ion cn.ginc type rnodclcd  in this sludy  is
of the ring-cusp, electron, bombardment type.
IIowcvcr,  specific ion production schcmcs  arc not
modeled in this analysis and arc simply accounted for
by a “]umpcd” ion production energy input parameter.
Data ob(aincd  for non-mass related variablcs  arc
thcrcforc  rcprcscrrtativc  of other ion thruster types as
WCII when adjustments of specific thruslcr input
parameters such as ion production energy or mass
utilization arc made. Mass cstima[cs  arc based on a
model dcvclopcd by Aston C[ al.46!47 for ring-cusp
engines. Both two and three grid systc.ms arc mode.tcd.

Several design restrictions were placed on the
model. A n)aximum  span-to-gap ratio, i.e. the ratio
of grid diameter to grid spacing, of 500 was assurncd,
This value is consis[cnt wi(h current  grid
tcchnology46*47  and accounts for the fac.1 that for a
given grid spacirrg  the grid diamc[cr  cannot bc
increased arbritarily  duc to thermal expansion and
dcfkxtion  of the grids. 1( should bc pointed out,
however, that frrlurc advances in grid technology,
such as using carbon-carbon grids, may incrcasc this
value, Other restrictions arc plawd on the mimirnurn
allowab]c grid spacing chosen ~ accord with o[hcr
studies] ] *46J4’7 LO 0.6 mm. The maximum allowab]c.
field strength bcpvcqr  the grids was assumed as 3000
V/nlrn in order to avoid grid brcakdownl  1,46-48.
‘1’his  electric field strength was held conslant
throughout the calculations for simplicity. Iliis is an
idcali?,ing  assumption, since lhc breakdown field
strength actually drops wi[h increasing grid spacing
and the results obtained using this rnodcl  should
thcrcforc  bc irr[crprctcd  as an approximation. Grid
diamcmrs were varied bctwmr 50 cm and 100 cm,
l;ifty  ccntimctcr  ion engines arc alrc.ady under.-
dcvclop1ncnt4y.  “1’hc  upper grid diameter boundary
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was picked somcwhal arbriwarily.  Only onc case of
cxJw.rimcntal  tcsling of an ion engine larger than 1 m
diameter exists. I’hc 1.5 m dia. NASA Izwis engine
was run in lhc early 1970’s on mercury. llowcvcr,
clifficultics  were cncountcrcd  when trying to maintain
a s[atdc dischargcso.  By limiting the upper grid
diamclcr boundary to a value ICSS than that of the
NASA 1.cwis  engine, a compromise was at[cmplul
bclwccn conducting a sludy conservative enough to bc
crcdiblc  while slill  allowing for sufficient ftcxibilily
for potential fulurc thruster dcvclopmcms.

3’hc algorithm governing this  model is
explained in detail below. Briefly, the calculation
proccdurc  is divided into two regimes, covering
diffcrcnl  spc~ific  irnpulsc  ranges and dctcrrnincd  by
the design restrictions given above. In bolt) ranges,
the objcclivc.  is to maximize thrust  for a certain
specific impulse value. In the first range, for a given
sJ)ccific  imputsc  the required beam voltage is
calcu]atc.d and, based on the. breakdown condi[ion  for
Lhc. grids  given above, the grid sJ)acing is dctcrmincd.
q’hc net-to-total voltage ratio has been set [o its
lowcsl value of R=O.2 in this range to allow for the
highcsl  thrust density. For the mcnlioncd maximum
allowatdc span-to-gap ratio lhc maximum grid
diamc,tcr is dclc,rmincd.  Using grid Wrvcancc data, the
maximum allowable beam current is calculated,
which dc[crmincs  such parameters as thruster input
power and thrus[.

In the first range the maximum allowable
c.nginc  size is dclcrmined  which will yield the
maximum thrusl for the spccificd  spc.ific impulse.
I’his talc.ulalion proccdurc  is rcpcatcd unlit an engine
diamc.lcr  of 1 m has been rcachcd.  AI this poirr[,  the
second regime begins were (he diamclcr  is held
constant al 1 m and [he net-to-total voltage ratio is
king incrcascd  from its initial value of 0.2 to its
final value of 0.9. Allhough  beam divcrgcncc
incrcascs with lower net-to-tolal voltage values, it has
been assumed in this analysis to be constant
throughout lhc calculations al a vahC of 95?0

51.
Since the engine diameter remains fixed at 1 m, thrust
is now incrcascd  by raising beam voltage and the
spcci  fic impulse value only. Beam current, beam
curr’cnt density, discharge current and propellant
consumption arc all assumed 10 remain constant in
this regime.

Within lhc second regime, al a ncl-to-total
voltage ratio of R= O.55, a switch  is made from a
three grid systcm used at lower R values 10a two grid
sys[cm for higher R values. This change is
moiivalcd  by results obtained from cxpcrimcnts
pcrformc.d  by Raw]in and IIawkinss]  *52 using a 30-
cm mercury ion lhruslcr.  I:or R values less than
0.55, a rapid incrcasc  in accelerator drain current has

been noted for lwo grid optics. lmprovcd beam op[ics
for a three grid systc.m allows opcra[ion  to R values
as low as 0.25] ’52. It should bc no(cd, however, that
more rcccntly two grid systems have been opcratcct
successfully at R values ICSS than 0.55,

]n orctcr  10 minimize thruster mass, al an R
value of 0.55 and above, the three-grid system is
rcplaccd by a lighter wc.igh[ two-grid system. The
upper boundary of 0.9 for the net-to-total voltage
ratio is given by the minimum nc.gativc voltage that
can bc app]icd to the accelerator grid of the lwo-grid
systcm  without causing electron flow into ttm
thrustc.r  from the neutralizer discharges]. ‘Ilcrcforc,
with the cxccption of the change in grid systems, in
lhc. second regime one thruster configuration (1 m
diameter) is modeled over a range of operating
conditions.

‘1’hc governing c.quations in this model have
been derived by Illandino]  ] during an earlier
investigation of high power clcclric  propulsion
dcvicc.s.  Ihcy arc rcpca[cxt  here. for convcnicncc.

Regime I: in lhc. first ,rcgimc,  beam voltage may bc
cxprcssc,d  in terms of specific impulse using the
standard energy balance equation bctwccn the
clc.ctrostatic  and kinetic energy of the ions, ‘I”aking
into account neutral partic]c 10SSCS and lhrust
divcrgcmcc  losses, yet neglecting multiple charged
ions, onc obtains

which can bc wril[cn as

wilt]

[1
2

c o  =  ~“~ ‘----
e 2(? 1]”6

I’hc, twain current is dctcrmincd by

‘I”hc average currc.nt density can bc wriuc.n as

(1)

(2)

(3)

(4)
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1 lcrc, VT is the total vollagc,  i.e. the voltage bctwccn
scrccn and accclc,ra[or  grid, NI’I’JI is the normalized
pcrvcanc.e  parameter, which allows the pcrvcanc.c
equation, Eqn. (5) 10 fit cxpcrimcntal  data and has
bczn taken here as 2.84 x 10-9 A/V3fi in accordnancc
will) o[hcr sources in the litcraurrc47.  l“hc square root
allows [his cqualion  to bc used for other gasc,s than
xenon for which is was originally derived. The fac[or
fb is lhc beam flahrcss  parameter. ]t takes into
account the fact thal  the beam current dcnsily is not
uniformly distributed across the grid diameter, but
rather peaks at the grid ccntcr,  ‘1’hc rc]ationship
bc(wccn  maximum and average currcnl density is

f, ‘ + - (6)
max

‘1’hc variable IC in M&. (5) is defined as the cffcclivc
acceleration length and follows from the scrc~n-
accclcrator  grid gap lg and the scrccn grid hole
diamc,lcr  ds through a sirnplc  geometric relationship
as

(i’)

For state-of-the-ar( grids it was awumcd for the scrccn
grid ho]c diamcftc#7

d,= 1,/0.3 (8)

which in the case of a minimum grid gap of 0.6 mm
would give minimum scrccn hole diamclcrs  of 2 mm.
Curl”cnt scrcar grid designs have hole diamc[crs  as
little as 1.9 mm which agrees reasonably WCII with
the assumption used in I@. (8). Inserting Eqn. (8)
into I;qn. (7) gives

1:== 3.778 1; (9)

Using the maximum allowable electric field strength
Erll  bctwczn scrwn and accdcm~r  grid, the maximum
allowable total voltage bctwc,cn  those grids can bc
dc@m~incd as

v7,n,ax  = ~
1*

(lo)

lnscrting  Eqn. (9) inlo ]lqn. (5), using Eqn, (10) to
subs[i(utc  for lg, assuming a value of Vq,,n)ax for V.I.
in l:.qn. (5) sirlcc wc arc intcrcslcd  in maximizing the
thrust dcnsily  of the engine and finally using the
rc]ationship

A!= ;;
T

for the net-to-total vohagc  mtio yields

(11)

{-- ( )

j= f, (N}’}’l)) 131Z 4——— ._ _ [{: p12 V;112

3.778 MB z

(12.)

Substituting for V]] from I;@. (2) onc obtains

p12
j . -  fJ, --T

, $P

(13)

where the c.onstanl  C] is wrillcn as

The final step to obtain an expression for the beam
current now consisLs of evaluating AII. The total grid
area can bc written as

A,== ;+;

where [s/g] is the sp&r-to-gap  ralio,  always lakcn  at
its  maxiumum value of 5(M to maxirnizz  thrust. I“hc
beam area now relates to the total grid area by
incorporating the open area frdclion O)S for the scrc.cn
grid:

A,== (@Ig (16)

Llsing relations (15)~ (]0), (11) and (2) onc can find
for the bcarn area

AB=C2$ (17)

w}lcrc C2, is wri(tcm as



lnscr[ing Hqns (13) and (18) into Eqn. (4) finally
gives for the beam current

(19)

Since wilt]  I]qn.  (13) the maximum available beam
currcnl  dcnsily was calculated, the beam area
dc[cnnincd  by Eqn. (17) rcprcscnLs the smallcsl  bcaTn
area ab]c to produce the beam current dctcnnincd  by
Ilqn. (19). Given an expression for the beam currcnl,
the thruslcr  input power may now bc calculated. I“hc
lhrus[cr  inprrl power can bc writicn  as

r, =/B [vB + c +“ vNc]+P},ca, (20

1 Icrc, c rcprcscnts the beam ion prodaclion  costs
c.xprcsscd  in cV/ion or W/A, VNC is the nculrali~.cr
coupling voltage and this tcnn in Eqn.  (20) accounts
for power 10SSCS duc to beam neutralization. In
addition, there arc other, small  power 10SSCS
associakxl  wilt) heating of various engine comporrcnts
such as hollow cathocfcs  and ncutrali~.crs.  Since lhcsc
power 10SSCS arc small and occur only temporarily
during engine operation, they have been ncglcchxl.
Note, however, thal  for C60 engines other power
10SSCS occuring during heating of lhc C60 propellant
and propcllan[  feed lines might  not bc negligible and
might have to bc inclrrdcd.  I;or the case of C@, only
the heat required to sublimate the propellant has been
taken into account since it was difficult to estimate
feed line heaters without knowing the exact engine
configuration. The power required for sublimation of
C60 may bc wriucn  as

(21)

where Alls is the required heat of sublimation for
C~O and rjl is the propellant flow rate. MW in this
case is the molar weight of C@, i,c. 720 ghno]c.  For
A1ls  a value of 43.01 kcal/nlolc  (1 80.1 kJ/molc)  was
uscd53. I“his  value seems to agree WCII with olhcr
data in rcccnt  literature on (his  sub@t54 *55. The
total hca[ rcquircmcnt  for sublimation of C60 is then

where 11}]  cat is the efficiency of the effusive cell,
taking  inlo account heat IOSSCS  from the CCI1.
1 lowcvcr, since propellant fc.cd mechanisms for
fullcrcnc propcflants  do not yet exist, ~]]cat cannot

bc accurately dclcrmincd yet and in the following only
PS has bczn calculated. As will bc shown, lhc power
required to sublimate C60 propc]lant  is so small
compared 10 lhc. Imwcr required for beam accclcra[ion,
that even ncglccling  the heat loss term in Hqn. (20)
has an almost unnoticablc  effect on the calculation of
the lhrus[cr input power.

Using I;qn. (2) and (19) in I;kpi,  (20) yields

P,== C* c1 co f :,, -i q c1 (CWNC )1; + P,,ea,
(23)

“J’hc remaining performance parameters to bc
dctcrmincd  arc lhrust and thruster cffic.icncy.  For the
thrust wc obtain

(24)

taking into accoun[  thrust 10SSCS duc to diffusion of
ncutmls.  Inscrllng  the relationship (19) for III gives

?

Thruster efficiency is defined as

(26)

which includes electric 10SSCS, neutral parliclc 10SSCS
and thrust divcrgcncc  10 SSCS. The electric efficiency
qcl can bc written as

lnscrting  the expression (2) for VII finally gives

Remaining thruster performance parameters, such as
specific mass and thrusl-to-power ratio arc easily
derived from the cxprcw+ions given above:

MF
a=- --’-

r,
(29)
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[TIP]=;:
1

(30)

I;inally,  discharge currents were calculatcci  for the
engine, which follow from an expression derived by
I{rophy9

()ID=IB 1+-;: (31)
B

Using liqns.  (2),(13), (17), (19), (23), (25), (28) and
(29) through (31 ), the algorithm as discussed above
for Regime I follows easily. All thruster performance
paramc(crs have been cxprcsscd  in terms of the
specific irnpulsc as the indcpcndcrrt  variable. The
beam area AI] is also a function of Isp as a result of
the design restrictions imposed on this model.
Thruster beam area incrcascs wi[h the specific
impulse and the model calcula[cs  the smallest thrus[cr
able to gcrwratc the maximum available thrus[  at this
specific impulse ‘value (based on tbc. design
restrictions given above). As the thruslcr  beam area
rcachcs a value of 1 m diamc[cr,  calculations in
Regime I arc tcrminatcxl  and calculations arc continued
in Regime II.

Rcgirnc 11: In Regime 11, thruster diameter is
assunml  constant al 1 m diamc~cr  and further thrust
incrca.scs  arc achicvcd  by increasing the net-to-total
voltage ralio,  R. R is incrcascd  by increasing the
beam vollagc VII only, while VT , the total
accelerating voltage bctwccn screzn and accelerator
grids remains constant at its maximum allowable
value for the .givcn  grid spacing. qlris  implies tha[ the
current density, j remains constant, since j dots not
depend on VR. Constant beam area and current density
yield conslant  beam currcnl,  discharge current and
propellant flow ra[c. B’urthcrmorc,  for lhc spccificd
span-lo-gap ratio, lhc grid spacing remains unchanged
in Regime 11. Thruster mass also remains constant
with the cxccption  of the data point at R=O.S5 when
lhc three-grid syslcm is being rcplacxxl  by the two-grid
sysmm  which causes a mass reduction. Thcrcforc,  one,
easily derives for Regime 11 from the expressions
given above

AB = const. (32)

ID= con,vt. (34)

j=: const. (35)

18= Cons[.

ad

(36)

(37)

( )1’1 =’ IB co 1:,4- c+- VNC +- l’}l,.,  (38)

(1T=IB ~g- l,, (39)
t? I]u

and I@s (2) and (28) through (30) remain unchanged.

‘1’hc algorithm for the model dcscribcd by
Eqns (1) through (39) di ffcrs  somewhat from tbc
rnodcl  dcvc]opcd  by Lcifcr ct al. ] ], h lhcir  model,
the firsl  regime was used up to the specific impulse
value where the discharge current rcachcd a spcci ficd
value, assumed to bc 500 A. I“his approach allowed
grid diameters to incrcasc  ~ignificantly  beyond 1 m
diameter. Calculations Lhch procccdcd in a second
regime prcciscly  as discussed here. After that, a third
regime was added where the net-to-lotal voltage ratio
was held constant and thrust was incrcascd by
increasing both beam voltage and total voltage in
cxaclly  the same ratio. In order to maintain the
constant maximum discharge and beam currents,
thruster beam arc had to grow further since current
density dccrcascs for constant R but increasing beam
voltage (dccrcasing total voltage) (scz I@. (13)). This
approach final 1 y lcd to beam diameters in cxccss of 2
m. Bccausc  of lhc discussion made above regarding
large diameter ion engines, the algorithm in this
study was changcxl  according y.

Input parameters to the rnodcl  for the various
propellants arc summarimd  in Table 2. Nculralizcr
coupling voltage, ioniz.cr chamber lcnglh, open area
grid fraction, beam flalncss  paramclcr  and the
divcrgcncc thrust loss factor have been kept constan(
lhroughou(  the calculation< and have been assumed to
bc the same for all propellants as 20 V, 0.20 m,
7SY0, 0.6 and 0.95i rcspcctivcly.  The open area scrccn
grid fraction is somewhat optimistic; rcccnt grid
tc.chnology shows scrccn grid open arc fractions
around 67Y0. Data for propcllani  utilization efficiency
and discharge voltage for the three inert gas

56. These data arc.prOpCl[anL\  were takCn from Rawlin-
bascd on mcasurcmcnL$  taken with a 30-cm J-series
lhruslcr.
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Beam ion production cost of 150 cV/ion
were assunml for all incrl  gas propellants, a Iitllc
lower than most of the. data obtained for the 30-cn~
class thruslcr56, taking into account lower cxpcctcd
10SSCS for larger diameter thruslcrs.  For simplicity
these values were kept constant, throughout the,
calculations. Strictly, this  assumption is not corrwt
and the calculations performed can thcrcforc  only bc
regarded as an approximation. }Iowcvcr,  duc 10 the
large power consumption by the accelerator systcm of
these large scale thrusters, changes in beam ion
production cost,  accounting for discharge chamber
IOSSCS, hardly affect the obatincd  results.

Estimating values for the propellant
u~ili~.ation  and beam ion production COSIS for C60
proved to bc more difficull,  1,cifcr  et al.s rcccntly
cslimatcd beam ion production costs of 90 cV/ion  for
a 30-cm class thruster using Brophy  ’s modc19. Using
the same approach, however, relying on ncw data for
ioni~ation cross scdions by electrons and a numerical
calculation for the primary clcztron  ulilizilion  factor,
Torrcs CI al.57  estimated bum] ion production cost in
cxccss of 180 CV for a 13-cn~ lhrustcr.  T h e
discrepancy bctwccn  these two data SCLS may also Iy
bc explained, in part, by the fact that larger thrusters
commonly rcsull in lower beam ion production costs
duc to smaller wall 10SSCS pcr beam ion.

Obviously, none of these cslimatcs
compares WCII with the preliminary cxpcrimcntal  data
of 900 cV/ion  discussed carlicr38-42.  However, the
early cxpcrimcnlal  data obtained so far do nol readily
lend (hc.msclvcs  to extrapolation for pcrfonnancc-
oj>timizcd,  large scale (> 50 cm diameter) engines.
None of dtc small scale thrus[crs  tested was optimized
for performance and they only served proof-of-conczpt
[ypc studies. For example, the JPI, C60 thrus(crs
used grids with only 19, 1/8” holes on both, scrccn
and accelerator grids. This design, although justifiable
in tcnns of simplicity and low COSL of small scale
engine testing, certainly dots not compare favoraMy
with state-of-the-arl grid designs. Even for small 15
cm lhruslcrs, open area fraclions  of 67% arc being
obtained by placing over 4000 holes on each grid. For
these reasons, lhc estimates obtained with Brophy’s
model were taken as a guideline and the value
obtained by I.cifcr’s et al.8 study was used, rounded
up to a round figure of 100 cV/ion,  since it was the
onc calculated for the larger thruster, Obviously, this
is only a very approximate assumption, likely
rc~uircd to bc updated ncw data for this parameter
bczomc  available. As mcnlioncxl  crrrlicr,  however, for
high power ion engine applications, such as the ones

discussed in this model, errors introduced by this
approximanlion  arc minor since most of the power is
used for ion accclcration,

Propellant mass uliliz.ations  for large scale
C60 thruslcrs  arc obviously not known either.
Estimalcs  obtained by ‘1’orrcs  ct al .57 for the 13-cm
engine indicalc  propellant ulili~ation  cfficicncics as
high as 0.9 for reasonably low beam ion production
costs,  The same value was used throughout these
calculations for C@. As for the incrl  gas propdlants,
the input data for propellant utilization and beam ion
production costs  were held constant throughout the
calculations.

ULIS
Total power consumption, i.e. thruslcr  input

power Pj, versus specific impul.sc for [hc different
propellants C@, xenon, krypton and argon is shown
in F’igurc 5. Several important observations can bc
made by s[udying this figur$.  First,  although the data
cover a thruster diameter range from 50 cm to 100 cm
for all propcl]ants,  the thrusters deliver substantially
diffcrcnl specific impulses for lhc different
propellants. As cxpcctcd,  the heavy C60 propellant
can only deliver specific impulse values in the range
from 1000 to 3000 seconds within Lhc design
restrictions included in the model, since the vol~gcs
thal can bc applied over [hc given grid spacings arc
nol sufficient 10 accclcratc  the heavy molcculc  to
greater velocities. Accordingly, xenon data range from
2500 to 7500 seconds, kryplon  values from 3000 to
9500 scconcls and argon data from 4000 to 12,000
sczonds.

Secondly, total power consumption for the
Cm thruster is significantly lower than those for the
inert gas thrusters. A 1-m C6t3 lhrustcr  only requires
80 kW at maximum specific impulse while a xenon
lhrustcr  of the same size requires up to 200 kW at its
maximum specific impulse value. This result is not
surprising at all as can bc found by inspecting Eqn.
(3) and (38) closer. Eqn. (38) dcscribcs  lhc thruster
input power in Regime Il,,corrcsponding  to lhc upper
ranges of power lCVCIS  dcpictcd  in Figure 5. As can bc
seen from Eqhs (3) and (38), the inpul power is a
function of the. ion_n\ass  and the square of the specific
impulse, obviously following directly from an
identical relationship for the kinclic  beam energy.



,,,,,, ,,,, . . . . . .. . . . . . . . . . . . . ml %~
Mw (g/mole) 720 131.30 83.80 39.948

llli  (kg) 1.2043x 10-24 2.1 962.X  10-25 1.4017  XI0-25 6.68 19X1 0-26
c (cV/ion) 100 150 150 150

11,, 0.90 0.90 0.88 0.78

& 0,95 0.95 0.95 0.95
VJ) (v) 35 36 44 46

VNC (V) 20 ?.0 20 20
ft) 0.6 0.6 0.6 0.6

I’bus, increasing the mass of the propcllan[  will have
a much lesser impact on the power consumption than
increasing lhc spc.ific  impulse. Therefore, although
the ligh[cr  propellant thrusters can operate at a much
larger specific impulse, this  incrcascd specific
impulse has to bc paid for by a significantly increased
power rcquircmcnl.  Also visible on Iiigurc  5 is lhc
boundary bclwccn Regimes I and 11, rc..ogniz.ablc by
the sharply changing S1OPCS of the. power curves.

in additio~ to operation at higher specific
impulses, lhc lower lhrustcr  cfficicncics  of the lighter
inert gas engines also contribute somewhat to the
incrcascd  power rcquircrncnt.  Figure  6 shows the
relation ship bctwccn thruster efficiency and specific
impulse for the various propellants. Notable arc the
high projcctcd  thruster cfficicncics for the heavy
propellant C60 and the correspondingly lower
cfficicncics  for the lighter propcllan[s.  ‘tic impact of
high propellant mass on thruslcr efficiency has been
alluded to in the introduction and can now also bc
quantitatively explained by inspecting the
rnalhcma[ical  relationship obtained for the lhrustcr
efficiency in the previous section. Rqn. (28) in
conjunction with Eqn. (3) indicates that higher ion
masses result in greater efficiencies. The advantage of
C60 engines in this regard in the specific impulse
range from 1000 to 3000 seconds is obvious from
l~igurc  6.

Note, however, that the specific impulse
also enters the equation for the thruster efficiency and
may offset the impacl  of the propellant mass. For a
given power, according 10 Figure 5, lighter propellant
c.ngincs can bc operated al higher specific impulses,
as nobxt above. These higher impulse values also
incrcasc lhc thruster cfficicncy, so that  when
comparing the thruster cffcicncics  for diffcrcrrt
propellants at the same power lcve,l  the diffcmmces  arc
not as great than when comparing cfficicncics  al the
same specific irnpulsc value. in particular for the
rcspcclivc maximum obtainable specific impulse
values for the 1-m thruster, the diffcrcnccs  in thruster
efficiency bctwccn xenon and (@) have almost
complctety  disappeared duc to the. much higher

obtainat)lc maximum specific impulse for xenon than
for C@.

Allhough the latter point made concerning
lhc thruster cffcicicncy .wzms to indicalc  that a major
advantage of C6(I engines over inert gas thruslcrs  has
been lost, this is not so. Thruster efficiency is an
important performance parameter for. an electric
thruster bcxausc  it dctcrmincs  how much power has to
bc provided for the engine. q’hrustcr e. fficicncics  for
inert gas thrus[crs,  however, can only bc raised to
Icvcls  obtainable with  C60  dlrLIStCrS  by operating the,
inert gas engines at high specific impulses. I’hc
required power incrcasc  to!accomplish  this mode of
operation for the inert  gas thrusters, however,
completely offsem  any gains achicvut for the thruster
efficiency. It should be mentioned in this contcxl,
however, that the sclcclion  of the specific impulse is
also mission driven and the choice of specific
impulses may lhcrcforc  bc limited.

Figure 7 shows the total thruster power
consumption plotted versus thrust. As can bc seen,
for a given power lCVCI the C60 engine is able 10
provide sigrrificantty  more thrust than the inert gas
engines bccausc  of opcra[ion al lower kp. At a wwcr

level of 80 kW and a thruster diameter of 1 m, lhc
thrusl  lCVCI obtainable for C60 is 4 N and for xenon
it is roughty  2.5 N (sez also Tables A,] and A.2 in
the Apiwrdix). Note, however, that over the range of
thrust values considered in Fig. 7, in many cases a
comparison bctwccn  thrustc.rs of equal size cannot bc
made. For the lighter inert  ga.scs engine diameters
may bc significantly Smaller than for C60. This is a
result of the algorithm used in this model, which
maximizes thrust for an ion engine and thcrcforc.
always dctcrmincs  the smtlllcst  thruster diarnctcr  still
able to provide a certain thrust lCVCI. In this case, for
the same ‘@w&r Ic.vcl  as for Cm, lhc siwcific  impulse
of the inert gas thrusters has to bc rcduccd
significantly to accomodalc  this low power lCVC1.
This rcduccs the beam voltage, forcing a reduction in
the total accctcrator voitagc  VT in order to kczp dw
net-lo-total voltage ratio above its minimum value of
0.2. A lower accelerator voltage, however, allows for
a smaller grid gap and, thus, increased current and
thrusl  dcnsi[y  of the grid, decreasing iL\ size.
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A similar obscrva(ion can bc made when
comparing thrustvaluc  sachicvablc withthcdiffcrcnt
propellants for the same spwific irnpulsc  as shown in
liigurc8. C~flpropcllarlt  gcncra[cs more lhruslat a
given spcciflc imprrlscthan  any of the inert gases.
I/or a specific impulse around 3000 seconds, this
thrust  incrcasc over xenon is alrnosl  four-fold which,
bccauscofrcasons  statcdabovc,  in thccascof dlis
rnodcl, however, is parlly  duc to larger thruslcr
diamctm-s.

An inbxcsting  observance can bc made when
inspecting 12igurc 7 again. 11 can bc noted that for the
highcsl  projcclcd  thrust values, where, all engines
have a 1 -m diamc(cr and arc operated at their
maximum R-valtrc  of 0,9, this thrust  valtrc  is
idc.ntical  for all propcllarr[s.  ~llis rcsull may seem
surprising at firsl,  however, is easily explained by
inspecting the algori(hm of this model discussed
above. Conccntmling  the upper range of thrusl  vahrcs
shown in I:igurc 7 to simplify lhc discussion, the
thrust  cqualion  (39) is valid. Note, howc.vcr,  that  the
specific imprrlsc, as well as, the beam currcnl enter
the thrust  equation. Both, specific irnpulsc  values and
beam currents, however, arc much higher for the inert
gas thrusters and thus offset  thrust gains made by
CCO duc to its higher molecular mass. As a matter of
fact, since beam current and specific impulse arc
proportional by a factor (] / {~i ), the mass
dcpcndcrrcy cancels out in lhc thrust equation,
rcsul[ing  in all engines delivering the identical thrust.

~ ‘bus, it .scxxns  possib]c  for a given thruslcr
six,c to offset any thrust gains made by C@ duc to its
higher mass by operating it on inert gases at higher
beam currents and specific impulse valrrcs.  While this
is a theoretical possibility, several practical design
issues may stand in the way of such a decision, l~irs[,
as has been discussed earlier, sclcclion  of the
optimum specific impulse is mission dcpcndcnl,
limiting the available choices. Second, the specific
impulse incrcasc  has to bc paid for by significantly
incrc.ascd power rcquircmcnts.  For a thrust lCVCI of 4
N, 80 kW arc required for a C~O engine bu[ almost
200 kW for a xenon engine with this parameter
reaching values of 240 kW and almosl 350 kW for
krypton and argon propellants, rcspcctivcl  y. Figure 9
plots lhc lhrust-lo-power ratio for lhc various
])ropcllants  and illustrates probably onc of the mosl
important conclusions obtained from this sh]dy.  As
can bc scl.n, the thrust-lo-power ralio  for C60 crrgincs
is higher by a fac[or  of almost 2.S over the
corrcspondin.g  values for xenon over the entire range
of thrusl  Icvcls.  ~’hcsc rcduccd powc.r rcquircmcnts
would result in cxtcnsivc  onboard  power plant mass
rcduc(ions  for a Cffl propulsion systcm, a lrcnd that

is suJJportcd  by incrcascd  thruslcr  cfficicncics for the
hcavic.r  C@ propellant discussed earlier, On the other
hand, however, it also has to bc no(cd that duc to the
lower specific impu]sc capability of C60 thruslcrs
propcllan(  mass rcquircmcnts  will incrcfisc  for a given
Av. ~~rrturc mission design sludics  will have to
investigate this tmdc-off  furlhcr.

!kcondly, as illustrated in Iiigurc 10, the.
higher bwrm currcn[s  rcquirwl  for inert gas engines to
achicvc the same thrust lCVCIS as for C60 result in
large discharge currents for a Kaufmann-type thruslcr
configuration. While even a 1-m diameter C60
thruster, operating at a thrusl Icvcl of 4 N, only
rcqtrircs  a relatively bcnigrr  50 A discharge currcn[,
dlc.sc values incrcasc  to 180 A, 190 A and 260 A for
xenon, krypton and argon, rcspcctivcl  y. 11 should bc
carefully noted, however, lhat discharge currc.nt
calculations arc influenced by the beam ion
production costs and that there still exists some
uncertainly regarding this paramc.tc.r  for C@.

};inally, I;igurcs 11 and 12 show specific
mass data which arc of particular intcrscsl  for mission
planners. In };igurc  11, specific masses arc plotted
versus thruslcr  inprrl  power. As can bc observed,
specific mass values for C60 thrrrstcrs  arc. higher for
lower power lC.VCIS,  since in these cases larger C60
engines arc compared with smaller inert gas tlu-ustc,rs
as discussed above. For higher power lCVCIS, as inert
gas engines reach the 1-m thruster diamc[cr  limit as
WCII, all specific masses convcrgc  upon the same
value.s for all propc]]arlLs.

In I;igurc 12, the same specific mass data arc
plotted against specific impul.scs.  }lcre,  the C60 data
stay lower than the. incr-t gas data, a trend that is
followed by the heavier incrl ga.scs when compared
with the lighter gases. The explanation for this
behavior can bc found by inspcclirrg  I;igurc 5 again.
For the same specific impulse higher power lCVCIS arc
required for lhc heavier propc]]anL$  since more energy
has to bc cxpcndcd accelerating the heavier ions. As a
rcsull the spwific mass, i,c. the thruster mass divided
by this power lCVCJ, drops.

Od~cr  results obtained in the course of this
s[udy were data on thrus& masses, ranging bctwccn
19 kg and 45.kg, propellant mass flow rates, ranging
bctwccn 0.043 to 0.12 g/s, 0.019100.052 ~s,  0.016
100.043 g/s and 0.012 to 0.033 gls for C60, xenon,
krypton and argon, rcspcctivcly,  demonstrating the
well known trend of lower propellant consumption of
highc.r  lS1) rocket engines. llcam currc.nts for the
different propcllnat  t ypc.s ranged bctwccn  5,16 [o
14.64 A, 12.,44  10 34.32 A, 15.83 to 42.9 A and
22.79 to 62.. 18A for C~O, xenon, krypton arid argon,
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rcspcctivcly  and cnlpbaz.isc  lhc technological
difficulties associated with high thrust incfi gas
cnginc,s. 3’hcsc  and other data arc summarimd  in
l’ahlcs  A, 1 through A.4 in lhc Appendix.

1( should bc carefully poinlcd out in the
discussion of these results, however, tha[ they arc
in ftucncc.d  by lhc inilial  assumptions made in this
model wi[h rcspccl  to the maximum span-to-gap
ratio, the constant brcakdowrr  electric field strength
bctwccn the grids or beam ion production cncrgics and
propellant utili~.ation  cfficicncics,  for example.
Changes introctuccd  to these assumptions, whether
motivated by improved grid technology, updakxl C60
engine data or replacing sornc of the simplifying
assumptions in the analysis, may all impact the
ob(airwd  rcsrr!Ls.

. . . SIONS

I’hc purpose of this study was to investigate.
performance characteristics of large scale Cm ion
engines for potential usc on SE1-type missions when
c.omparcd will) similar sized inert  gas thrusmrs.  Such
an attempt may appear premature regarding the
idcntifictt  early dcvclopmcnt  status  of C60 ion engine
tcctmology.  However, considering the important role
propulsion will play in SIH-type mission scenarios,
dramatically impacting flight time, spacecraft mass
and mission cost, an early invcstiga[ion  of this ncw
electric thruster concept appeared justified, in
particular when taking into account lime required for
dcvclopmcnt  of this engine type. Noncthclcss,
fcasit)ility  issues have to bc taken inlo accorrn[  when
interpreting results obtained from this study.
Although previous research has indicated thal C60 is
a very stahlc molcculc during col l is ions,
fragmentation studies under conditions rcscrnbling
actual ion engine discharge charnhcr conditions
rcrnain  10 bc conductc.d in greater detail. Ano[hcr
issue.s of Concern in the dcvcloprncnt  of C6fI ion
engine. tccbnology is possible propc]lant  condensation
on c.nginc parts and sputtering of engine cornpncnts
by C(W ions also rcrnains  to bc investigated.

Propc]ianl  feed mechanisms fOr C6 ()
propc.llant  also require closer attention. }Icating the
c.ntirc  propcllan( reservoir as is the case during current
cmginc tcsling  is not practical for long duration
ground lcsting  or achral space flight conditions. Two
propellant fcal  concepts have been suggcs[cd,
although cxpcrimcnlal  testing will bc ncccssary  to
c.xaminc  their feasibility. I;inaliy,  the issue of
propellant production may bc of sornc fu[urc cwccrn
if Iargc quanli(ics  of propcllnat  wc.rc nc.cdcd. As
curl-cat  cxpcricncc  wilb xcmon availability anrt cost

have shown58,  propellant availabilly  may not bc a
lrivial  problcm, in particular for Sill-type missions
rc~uiring  Iargc amounts of propellant.

Af[cr a review of these fc.asibility  issue.s and
state-of-the-art of C60 engine tcsling, lhrustcr
performance parameters such as thrust, power
rcquircmcnl,  thruster cfficicncy,  specific mass, thrusl-
to-power ratio as wc.11 as some technologically
inlcrcsting  parameters such as discharge, current, have
bccm calculated using an analytical model with
sjmcific  impulse being the indcpcndcmt  variable.
Previously rnadc comparisons of C60 engines wilt)
incrl gas thrus[crs  for near-carlh missions have
indicated certain advantages of C60 thrusters over
their inert gas counlc.r parls, such as higher thrusl  and
thruslcr  efficiency for a given specific impulse or
power ICVC1. Although these findings remain
unchallc.ngcd  in lhis study, po[cntial advantages of
C60 ion tc~hnology  over incrl gas engines for SILl-
tylx mission applications arc. more suhtlc.

While for near-carlh applications a specific
impulse range bctwcm 1 MO and 2000 sc.conds is
prcfcrrcd in order to keep c16ctric power rcquircmcnls
low while still allowing for substantial propc.llanl
mass savings, high Av SIiI-type missions favor
higher specific impulse ranges. ‘1’hcrcforc, inc.rl gas
thrusters may offsc( some of these efficiency and
thrust advantages for Cffl engines when opcrakd in a
bighcr sJxxific impulse range. C60 thrusters could
achicvc specific irnpulscs  higher than 3000 seconds
only under great difficulties. }Iigh bcarn voltages
wouht bc rc.quircd  10 accclcratcd  the C60 ion to such
high vcloci[ics.  Since Lhc beam vol[agc cannot bc
raised indcpcndcntly  from [hc total accclcrating,
voltage V’I’ will)out  causing clcclron impingement on
the. accelerator grid from the neutralizer discharge, Vq
would also have to bc raisut,  rcsuhing  in an incrcascd
grid gap. Since a Iargcr grid spacing rcduccs currcn~
and thrust density, it would have to bc compcnsalcd
for by larger grid diamclcrs which ul(ima(cly  would
rcsllll  in Iargc grid diarnctcrs  for high lsl) CCfi  engines
producing comparahlc  thrusl levels.

1 lowcvcr,  high specific impulse values as
WCII as large bcarn cumxrts  required for incri  gas
thrUStCrS 10 aCbiCVC [hrUS[  valUCS  as high as With Cco
propellant alio r~sulls  in significant problems for
inert gas engines. }Iigh spcxific  impulse.s will result
in large power rccluircrncmts  and large beam currents
will rc.quirc high discharge currents. 71)c high power
rcquircmcnts  incrcasc  ovc.ral 1 spacczraft  mass of a
space vchiclc propelled by incr-t gas thrusters.

Although the high thrust-to-power ratio of
(:~o engines, being roughly 2.5 times the
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corresponding value for a xenon thruster of
comparab]c  size, Icads to much more benign ca[hodc
currcnl conditions and significantly rcdrrccd  power
require.rncn[s, the. Iowcr available specific irnpulscs
for C~O engines also ncccssitatc  larger propellant
masses for a givc,n Av pcr mission. Iror the same,
thrust, the required mass flow rate of a C60 thruster is
about  2.5 time.s the mass flow rate for a xenon
thruster, while power is rcduccd by the mcmtioned
factor of 2.5 also. lIowcvcr,  since C@ may bc stored
in solid form, an ingeniously designed Cm propellant
feed syslcm may lead to mass savings over an incrl
gas propulsion systcm, duc to heavy high pressure
tankage required for inert gas propellants. It should bc
nolcd,  however, that further study is ncccssary  to
verify this stalcmcut.

I“hc rcsulls  obtained with this model arc all
clearly tied to the initial assumptions made regarding
maximum span-to-gap ratio, constant breakdown
electric field slrcngth bctwccn the grids, or
unccrtain(ics  regarding ion beam production cncrgics
and propellant mass  utilization for C60 engines. 1[
should thcrcforc  bc noted that this analysis should
only bc considered as an approximation based on
the.sc assumptions and that changes in ion engine
lczhno]ogy,  such as grid design, improved data sets
on C@ engine operation or a more detailed analysis,
replacing some of the simplifications rnadc in this
mode.1, may affccl the obtained results amordingly.

IL is rccommcmdcd  that research on this
subjcc( conlinucs  in the following manner::

1.

2.

-3. .

A mission design study should bc initia[cd,  wsing
the data obtained in this sludy  to cslimatc  overall
spacecraft masses, power systcm masses and
propc]lant masses as WCII as trip limes for C60
and incrl gas propc]]ant$,

Experimental testing of Cm engine tcxtmology
should continue. Feasibility issues of
fragrncntation,  propellant condensation and
spul[cring remain to bc slrrdicd  in grcalcr &tail
before it can ho dctcrmincd if C6r3 ion engine

tctbrrology is an allcrnativc  to inert gas engines.
After that, CW engines should bc performance
oplim  izcd. Rcsulls obtained from lhcsc  lcsts will
have a very important near Ic.rm impact on lJS
space tccbnology, as they may lead to the
dcvclopmcnt  of srnallcr  scale thrustc.rs  for ncar-
carth applications.

Parallel  10 the testing Of C60 ion mrgincs

rtcscribcd in ltcm 3, work should begin on the
dcvclopmcnt  on C60 propellant fc,cd systems.
Improvements over the current approach of

heating lhc entire propc]lant  rc.scrvoir  arc
rrcccssary  both for long duration ground testing
as WCII as actual space applications. As with the
actual ion engine tcsling ilsclf, test rcsrrlts
obtained from lhcsc investigations may bcncfil
near lcrm applications of C60 ion engine
tcchnolog  y.

4. Finally,  as a last  step in invcstigatirrg  the
applicability of C60 ion engines for large. scale
clcclric space missions, lhc issue of C6 O
production should bc revisited and availability
and cost of fullcrcnc’ propellants have to bc
rca$scsscd  .

None of Lhcsc items should bc viewed indcpcndcnt
from the olhcr.  Obviously, rcsulL$ from an analysis
of required propellant rnasscs for Iargc scale lunar and
inlcrplanctary  missions have to bc viewed critically in
lcrms of propellant availability. Most importantly,
expcritnental  testing of engine and feed syslcm
technology should bc c.mphazisc,d  since only
cxpcrirncntal  investigations will bc able to resolve
feasibility issues and provide the data ncccssary for a
further, meaningful skrdy  o~ this concept.

The work dcscribcd in this paper was
performed by the J ct Propulsion I.aboratory,
California Institu[c  of Technology, under conmact
with the National Aeronautics and Space
Administration.
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R& A. 1: C@ Performance Da+n

i
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

*

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19

Isp {see)

1’00.000
1250.000
f300.000
?350.000
1400.000
7450.000
1500.000
1557.000
1600.000
1800.000
1900.000
2000.000
2200.000
2400.000
2585.000
2800.OCO
3000.000
3200.000
3300.000

TS (K)

L56.000
453.000
L5z.000
451.000
449.000
448.000
447.000
4L5.000
442.000
442.000
442.090
4~2.000
442.900
4~2.000
~42.000
442.000
442.000
442.000
442.000

R

0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.200
0.210
0.270
0.300
0.330
o.~oo
0.480
0.550
0.650
0.740
().840

0.900

mdot (cj/s)

0.043
0.063
0.071
0.080
0.089
0.099
0.109
0.:20
0.120
0.120
0.120
0.120
0.12C
0.120
0.120
0.120
0.120
0.120
0.120

Power  (kW)

3.710
6.770
8.170
9.770

11.620
13.750
16.180
19.350
20.330
25.230
27.940
30.760
36.840
43.510
50.190
58.550
66.950
75.940
80.650

ID (A)

19.920
29.230
32.880
36.820
41.060
45.620
50.510
56.480
56.480
56.480
56.480
56.480
56.480
56.480
56.480
56.480
56.480
56.480
56.480

?s (w)

10.780
15.820
17.800
19.930
22.230
24,690
30.580
30.570
30.570
30.570
30.570
30.570
30.570
30.570
30.570
30.570
30.570
30.570
30.570

IB (A)

5.160

7.580
8.520
9.550
0.650
1.830
3.090
4.640
4.640
4.640
4.640
4.640
~.640
4.640
4.640
4.640
4.640
4.640
4.640

C50.Dat

T (N)

0.470
0.780
0.910
1.060
1.220
1.410
1.610
1.87o
1.920
2.160
2.280
2.400
2.640
2.880
3.100
3.360
3.600
3.840
3.960

lg (mm)

1.000
1.300
l.~oo
1.500
1.600
1.700
1.900
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

ETA

67.660
70.310
71.030
7?.680
72.280
72.830
73.300
73.840
74.190
75.570
76.110
76.580
77.350
77.940
78.380
78.790
79.090
79.350
79.450

DG (cm)

50.000
64.400
69.700
75.170
80.800
86.700
92.800

100.000
100.000
100.000
100.000
? 00.000
100.000
:00.000
100.000
100.000
100.000
100.000
100.000

Tue, Se~  7 ,  1993 12:95 ~V

MASS (kg) A!pba (k@W)  T / P  (N/kW)

18.430
24.920
27.450
30.180
33.130
36.300
39.700
43.900
43.900
43.900
43.900
43.90t)
43.900
LQ,.goo
43.900
38.750
38.750
38.750
38.750

VB (V)

599.000
773.000
836.000
902.000
969.850

1040.000
1113.000
?200.000
1267.000
1603.000
1786.000
1979.000
2395.000
2850.000
3307.000
3879.000
4453.000
5067.000
5389.000

4.950
3 . 6 7 0
3.360
3.090
2.850
2.640
2.450

2.270
2.160
1.740
1.570
1.430
1.190
1.000
0.870
0.660
0.580
0.510
0.480

VT (V)

2994.000
3866.000
4181.000
4510.000
4849.000
5202.000
5567.000
5998.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000

0.125
0.110
0.110
0.108
0.105
0.102
0.100
0.097
0.094
0.085
0.081
0.078
0.072
0.066
0.061
0.057
0.054
0.051
C.049



Table A.Z Xenon Performance Data

f

2
3
4
5
6
7
8
9

10
11
12
:3
IL
15
76
4 7

:8

.,
2
3
&
5
6
7
8
9

10
71
4 2

13
44
15
?6
?~

18

1s? (See)

2600.000
2800.000
3000.000
3200.000
3400.000
3647.000
3800.000
4200.000
4600.000
5000.000
5400.000
5800.000
6050.000
6200.000
6600.000
7200.000
7600.000
7740.000

TS (K)

624.000
622.000
619.000
6:7.000
613.000
609.000
605.000
605.000
605.000
605.000
605.000
605.000
605.000
605.000
605.000
605.000
5$5.5$~

605.000

R

0.200
0.200
0.200
0.200
0.200
0.200
0.217
0.265
0.318
0.376
0.439
0.506
0.550
0.578
0.655
0.780
0.870
0.903

mc!ot (g/s)

0.019
0.024
0.029
0.035
0.042
0.052
0.052
0.052
0.052
0.052
0.052
0.052
0.052
0.052
0.052
0.052
n nqz“.”-
0.052

Power (kW)

9.700
13.630
18.760
25.360
33.730
47.020
50.550
60.460
71.370
83.260
96.140

110.010
119.190
124.880
140.740
166.380
184.710
191.360

ID (A)

64.250
80.240
98.700

119.780
1z$3.670
177.320
177.320
177.320
177.320
177.320
177.320
177.320
177.320
177.320
177.320
177.320
177.32~
177.320

PS (kW)

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

IB (A)

72.440
15.530
19.100
23.180
27.810
34.320
34.320
3 4 . 3 2 0

3 4 . 3 2 0

3Q.320

3 4 . 3 2 0

3 4 . 3 2 0

3~.320
34.320

3 4 . 3 2 0

3 4 . 3 2 0
3 4 . 3 2 0

3 4 . 3 2 0

Xenon.Dat

T (N)

0.480
0.650
0.860
1.110
1.410
1.870
1.950
2.150
2.360
2.560
2.770
2.970
3.100
3.180
3.380
3.690
3.900
3.970

19 (mm)

1.020
1.170
1.350
1.540
1.730
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

ETA

63.520
65.490
67.170
68.600
69.840
71.150
71.850
73.390
74.580
75.000
76.290
76.920
77.250
77.430
77.860
78.370
78.660
78.740

Dg (cm)

50.850
58.970
67.690
77.020
86.950

100.000
100.000
100.000
100.000
100.000
“100.000
100.000
:00.000
100.000
100.000
100.000
100.000
100.000

Tue, SeD 7, 1W3

MASS (kg) A’?%  (kg/%W)  T / P  (N/+W)

18.830
22.390
26.480
31.130
36.430
43.930

,43.910
43.9.10
43.910
43.910
43.910
43.910
38.750
38.750
38.750
38.750
38.750
38.750

VB (v)

610.000
707.000
812.130
924.020

1043.100
? 200.000
1303.000
1519.800
1909.400
2255.900
2631.300
3035.600
3302.900
3468.700
3931.000
4678.000
5212.000
5406.000

:.940

1.640
1.410
1.230
1.080
0.930
0.870
0.730
0.620
0.530
0.460
O.-4(YO
0.320
0.310

0.280
0.230
0.210
o.z~o

VT (V)

3050.000
3537.000
4060.000
5216.000
6001.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6CJO0.000
6000.000
6000.000
6000.000
6000.000

0.050
o.oL8
o.04fj

0.044
0.042
0.040
0.038
0.036
0.033
0.031
0.029
0.027
0.026
0.025
0.024
0.022
0.021
0.02’



Table A.?: Krypttm Performance Data

1
2
3
4
5
6
7
8
9

:0
11
12
73
14
15
16

y
2
3
L
5
6
7
8
9

10
11
12
13
74
15
?6

Isp (see)

3200.000
3600.000
4000.000
4400.000
4463.000
4800.000
5200.000
5600.000
6200.000
6600.000
7000.000
7400.000
8000.000
8500.000
Q()(yo. ()o(y
9470.  f3(jo

TS (K)

659.000
656.000
651.000
645.000
644.000
640.000
640.000
6 4 0 . 0 0 0

6 4 0 . 0 0 0

6 4 0 . 0 0 0

6 4 0 . 0 0 0

6=40.000

6 4 0 . 0 0 0

6 4 0 . 0 3 0
6 4 0 . 0 0 0

6 4 0 . 0 0 0

R

0.200
0.200
0.200
0.200
0.200
0.230
0.270
0.310
0.390
0.440
0.490
0.550
0.640
0.720
0.810
0.900

mdot ( g / s )

0.016
0.022
0.031
0.041
0.043
0.043
0.043
0.043
0.043
0.043
0.043
0.043
0.043
0.043
0.043
0.043

Power (kW)

12. ~50
21.430
35.050
54.980
58.820
66.830
77.170
88.340

106.630
119.860
133.920
148.810
172.690
194.010
216.620
239.050

ID (A)

69.790
99.370

136.310
181.420
189.330
189.330
189.330
189.330
189.330
189.330
189.330
189.330
189.330
189.330
189.330
189.330

Ps (kw)

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

IB (A)

15.830
22.530
30.910
41.150
42.900
42.900
42.900
42.900
42.900
42.900
42.900
42.900
42.900
42.900
42.900
42.900

KryDtorl. uat

T (N)

0.490
0.790
1.210
1.770
7.870
2.100
2.180
2.340
2.590
2.760
2.930
3.100
3.350
3.560
3.770
3.960

lg (mm)

1.020
1.300
1.600 .
1.900
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

ETA

62.260
65.210
67.500
69.320
69.560
70.750
71.910
72.860
73.990
74.580
75.100
75.530
76.070
76.430
76.740
77.000

Dg (cm)

51.400
65.100
80.340
97.200

100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000

MO?, SeT 6, ● 9 9 3

MASS (kg) A!p5a(kg/kW)

19.070
21.430
35.050

43.910
43.910
43.910
43.910
43.910
43.910
43.910
43.910
38.750
38.750
38.750
38.750

VB (V)

617.000
781.000
9 6 4 . 0 0 0

1166.000
1200.000
1388.000
1629.000

1 8 8 9 . 0 0 0
2316.000
2624.000
2951.000
3298.000
3855.000
4352.000
4879.000
5402.000

1.530
1.180
0.9L0
0.770
0.750
0.660
0.570
0.500
0.410
0.370
0.330
0.300
0.220
0.200
0:190
0.160

VT (V)

3084.000
3904.000
4819.000
5831.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000

T/? (N/kW)

0.040
0.037
0.034
0.032
0.032
0.030
0.028
0.027
0.024
0.023
0.022
0.021
0.079
0.018
0.017
0.016



.

~ab!e A.4: Argon Performance Data

1
2
3
4
5
6
7
8
9

?0
11
~2
13
74
15
16
17
18
~g

1
2
3
d
5
6
7
8
9

10
11
72
~3
14
15
16
17
18
19

Isp (see)

Lloo.ooc!”
4500.00C
5000.000
5500.000
5729.000
6000.000
6500.000
7000.000
7500.000
8000.000
8500.000
9000.000
9500.000

10000.000
10500.000
11000.000
11500.000
12000.000
12100.000

TS (K)

723.500
720.670
715.700
709.690
706.720
702.230
702.230
702.230
702.230
702.230
702.230
702.230
702.230
702.230
702.230
702.230
702.230
702.230
702.230

R

0.200
0.200
0.200
0.200
0.200
0.220
0.260
0.300
0.340
0.390
0.440
0.490
0.550
0.610
0.670
0.740
0.810
0.880
0.900

mdot (g/s)

0.012
0.016
0.022
0.029
0.033
0.033
0.033
0.033
0.033
0.033
0.033
0.033
0.033
0.033
0.033
0.033
0.033
0.033
0.033

Power (kW)

77.880
27.430
L4.8oo
70.190
85.170
92.400

106.600
121.940
138.420
156.040
174.790
194.680
215.700
237.860
267.160
285.590
311.160
337.870
3.46.1oo

ID (A)

97.110
128. ~00
176.130
234. ~30
264.950
264.950
264.950
264.950
264.950
264.950
264.950
264.950
264.950
264.950
264.950
264.950
264.950
264.950
264.950

?s (4W)

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

IB (A)

22.790
30.130
41.340
55.020
62.180
62.180
62.180
62.180
62.180
62.180
62.180
62.180
62.180
62.180
62.180
62.180
62.180
62.180
62.180

Argon.Dat

T (N)

0.490
0.710
1.080
1.590
1.870
1.960
2.120
2.280
2.450
2.610
2.770
2.940
3.foo

3.260
3.430
“3.590
3.750
3.910
3.960

!g (mm)

1.020
1.200
1.500
1.800
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000
2.000

ETA

55.140
57.240
59.350
61. o1o

61.660
62.340
63.410
64.290
65.020
65.630
66.130
66.570
66.950
67.270
67.550
67.790
68.000
68,190
68.250

Dg (cm)

51.200
61.700
76.200
92.100

100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000
100.000

MASS (kg)

18.990
23.640
30.690
39.350
43.910
43.910
43.910
43.910
43.91C
43.910
43.910
43.910
43..910
38.750
38.750
38.750
38.750
38.750
38.750

VB (V)

614.000
740.000
914.000

1105.000
1200.000
1316.000
1544.000
1791000
2056.000
2339.000
2641.000
2~60.000
3299.000
3655.000
4030.000
4423.000
~834.000
5264.000
5396.000

A!p5a(kgfl<W)  T / P  (N/+W)

1.050
0.860
0.690
0.560
0.520
o.&80
0.410
0.360
0.320
0.280
0.250
0.230
0.200
0.160
0.150
0.140
0.120
0.110
0.1!0

VT (V)

3 0 7 2 . 0 0 0
3701.000
4569.000
5529.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000
6000.000

0.027
0.026
0.02’4
0.023
0.022
0.021
0.020
0.019
0.0?8
0.016
0.0’6
0.015
0.()’4
0.014
0.0:3
0.013
0.012
0.011
0.071
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